Following the widespread and large-scale application of power lithium ion battery, State of Function (SOF) estimation technology of power lithium ion batteries has gained an increasing amount of attention from both scientists and engineers. During the lifetime of the power lithium ion battery, SOF reflects the maximum instantaneous output power of the battery. When discarded, it is able to show the degree of performance degradation of the power battery when also taken as a performance evaluation parameter. In this paper, the variables closely related to SOF have been selected to conduct the fuzzy inference system, which is optimized by the fuzzy c-means clustering algorithm, to estimate the SOF of the power lithium ion battery, whose relations can be proved by experimental data. Our simulation results and experimental results demonstrate the feasibility and advantages of the estimation strategy.
Introduction
With the electric vehicle market booming and production of the power lithium ion battery rapidly increasing, the technology of power lithium ion battery state estimation has become one of the key techniques for promoting the healthy and sustainable development of the electric vehicle industry. State of Function (SOF) of the power lithium ion battery indicates the power output capability of the battery. SOF is of great research significance since it shows the instantaneous power output capability of the electric vehicle when the power battery is used online, and it measures the overall performance of the power battery for the off-line case. There are two types of definitions for the SOF of a power lithium ion battery, which are based on the discrete and continuous variables, respectively. In this paper, the continuous one is adopted, as it is able to provide more accurate and reasonable measurements. The definition of SOF is given as SOF = P max P maxpri (1) where P max is the maximum discharge power that the battery can support, and P maxpri is the initial maximum discharge power of the battery when it leaves the factory. The physical meaning of SOF is clearly defined as the ratio of the current power output capacity of the battery to the initial one. The reason why SOF is particularly difficult to estimate is because it fluctuates widely. Alexander Farmann and Dirk Uwe Sauer wrote a detailed summary of the SOF estimation strategy, and the SOF estimation strategy has so far been considered as mainly including methods based on the model
Selection of Relevant Variables of SOF

SOC
The state of charge (SOC) of the battery describes the current residual capacity of the battery. Obviously, the total residual capacity of the battery would significantly affect the maximum instantaneous output power of the battery which is measured by the SOF, meaning that SOC is taken as one of the key variables related to SOF. On the other hand, due to the strong correlation between the SOC and the open circuit voltage of the battery, the voltage is likely to no longer be taken into consideration.
SOH
The definition of the battery health state or state of health (SOH) is the ratio between the total capacity that the battery can currently provide after being fully charged, and the initial value when the battery has left the factory. SOH measures the degree of battery degradation, where battery degradation is one of the reasons which directly result in a change of the battery's maximum output power. In this paper, 18,650 ternary lithium batteries were taken as the experimental object to carry out the same discharge experiment at different SOH values-the experimental platform is shown in Figure 1 , and the experiment results are shown in Figure 2 . From Figure 2a -d, the values of the battery's SOH are shown to decrease gradually, which means that the battery in Figure 2a has the highest SOH, and the one in Figure 2d has the lowest. It can be seen that the voltage drop curves of batteries with different SOH demonstrate a clear distinction under the same discharge current; that is, SOH has a remarkable effect on the instantaneous output power of the battery. However, thanks to the strong correlation between the SOH and internal resistance, studying the influence of battery internal resistance on SOF was not necessary. 
Maximum C-Rate (Charge-Discharge Rate)
The discharge current of the battery can vary greatly, and the maximum C-rate supported by the battery is one of the main factors that determine the output power of the battery. In many research reports, the maximum C-rate is also used as the key parameter to estimate SOF. In this paper, 18650 ternary lithium batteries are used as the experimental object to explore the relation between the maximum C-rate and SOF. By increasing the discharge current gradually, the maximum C-rate can be acquired and the results are shown in Figure 3 . It can be seen that the battery has different voltage drops and is under different discharge currents. Specifically, in Figure 3d , the battery voltage initially drops rapidly to 3.62 V, the critical voltage of the battery in normal state, which means that the maximum C-rate of the battery is 3C. 
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Prediction of SOF Based on the Fuzzy Inference System Optimized by the FCM Algorithm
The reason for choosing only the three variables above is that the fuzzy inference system cannot be too complex to conduct. In this section, the membership function and the fuzzy reasoning process will be established carefully, where the fuzzy c-Means clustering algorithm is used to optimize the membership function and the fuzzy rule of the inference system based on the relationship between the relevant variables and the SOF.
Fuzzy c-Means Clustering
The fuzzy clustering method provides an uncertain description of the sample or object, where one input data point could belong to multiple clusters with different degrees specified by its membership function, which coincides well with the real situation of the world. It has been widely used in many fields. Fuzzy C-means clustering (FCM) is the most famous soft clustering technique, and is also called fuzzy ISODATA. It was proposed by Bezdek as an alternative to the k-means clustering, an earlier hard clustering technique [11] . FCM provides a better description tool for real situations as the boundary is not as clear as with the k-means algorithm, especially in cases where there are missing data. Furthermore, the original k-means algorithm could be trapped in a local minimum status unless proper initial values are selected. The fuzzy c-means technique is less likely to have such problems [15] . FCM partitions the input data into fuzzy clusters by minimizing the following cost objective function, which has a pre-defined or fixed number of clusters, c , and a fuzziness parameter m [11] :
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The fuzzy clustering method provides an uncertain description of the sample or object, where one input data point could belong to multiple clusters with different degrees specified by its membership function, which coincides well with the real situation of the world. It has been widely used in many fields. Fuzzy C-means clustering (FCM) is the most famous soft clustering technique, and is also called fuzzy ISODATA. It was proposed by Bezdek as an alternative to the k-means clustering, an earlier hard clustering technique [11] . FCM provides a better description tool for real situations as the boundary is not as clear as with the k-means algorithm, especially in cases where there are missing data. Furthermore, the original k-means algorithm could be trapped in a local minimum status unless proper initial values are selected. The fuzzy c-means technique is less likely to have such problems [15] . FCM partitions the input data into fuzzy clusters by minimizing the following cost objective function, which has a pre-defined or fixed number of clusters, c, and a fuzziness parameter m [11] :
where U = [µ ik ]n × c is the partition (membership) matrix and µ ik is the likelihood value that indicates the degree to which the ith input data, x i , belongs to the kth cluster, (C k ), ∀i, k : µ ik ∈ [0, 1]. The higher µ ik means that x i demonstrates a stronger association with C k . P = {p 1 , . . . , p c } are the centers of the clusters, while p i refers to the center of the ith cluster. d ik is the distance between the kth input data and ith cluster center. It generally refers to the Euclidean distance. m, the fuzziness parameter, is used to set the fuzziness of the cluster. Its value range is [1, ∞] . At the left limit m = 1, the method degenerates into a standard K-means. n is the number of input data [11] .
The membership matrix U = [µ ik ]n × c satisfies the following constraints:
The objective function, via the Lagrange multipliers method, can now be defined as:
where λ is the Lagrange multiplier. d ik is generally given by the following formula:
Minimizing the objective function, J m (U, P, λ), shown as in Equation (3), the new cluster center P (t) i and optimum membership value µ ik can be obtained:
The FCM algorithm is an iterative process, according to the iterative equations given above. The method is described by the following algorithm [42] [43] [44] :
Acquire the input data; set the number of clusters, c, the degree of fuzziness, m, and the termination constant, N(maximum iteration number), and ε > 0. Randomly initialize the partition matrix, U, under the constraint Formula (3).
Step 1. Get the cluster center according to Formula (7) using the initial membership values.
Step 2. Starting the iteration, t = 1, . . . , N;
Step 2.1. Calculate the new membership values, µ ik , using the membership Equation (7),
is the distance between input data, x i , and cluster center, c k , after the last iteration. Step 2.2. Get the new cluster center, P i , with Formula (6) using the membership values, µ ik , after the last iteration.
Step 2.3. Stop the iteration if iteration number t >= N, or J t (U, P, λ) − J (t−1) (U, P, λ) < ε . Otherwise go to step 1.
Estimate the SOF
In light of the circumstances of the SOF estimation process, the fuzzy inference system improved by the fuzzy C mean clustering (FCM) algorithm is constructed. The inference system is then adopted to estimate the battery SOF. The following steps are used in the proposed algorithm:
(1) Set the number of clusters and fuzzy subsets of input and output variables:
The fuzzy prediction model for SOF estimation belongs to the multi-input single-output (MISO) systems. The fuzzy rules can be simply expressed as:
Here, R j is the jth rule; X i is the ith input lingual variable; A i,j is the jth fuzzy subset of, X i , for this rule; B j is the jth fuzzy set of the output lingual variable, Y, for this rule.
About 154 observation samples were obtained through experiments, which are represented by Ω.
where, x i,p is the pth observation value of the ith input lingual variable, X i ; y p is the pth observation value of the output variable. Then, the set of output language variables, O, is extracted from Ω:
Carry out fuzzy clustering of O based on fuzzy c-Means. Set the number of clusters as three. The jth cluster, O j (j = 1, 2, 3), can be expressed as:
Here, FCM(y p ) = j means output samples, y p , are classified into the jth output cluster through FCM. So, Ω can be divided into three subsets by the output variable cluster, O j :
Then, samples of each input language variable are classified into three subsets through G j :
Here, I i,j is for the sample set of ith input language variables which correspond to the jth output language variable subset, G j . The last step is to conduct the FCM algorithm for I i,j :
I i,j,k is the kth subclass of set I i,j . So far, all clustering definitions are finished. The whole classification process of the sample set is shown in Figure 4 .
At the first level, construct the fuzzy subset G j according to the output lingual variable, y. Then, at the second level, build the fuzzy subset I i,j,k in light of the input lingual variable based on G j . According to the analysis of input and output variables, build triangle fuzzy sets, which are extraordinarily simple and easily used to calculate the membership value. There are three key parameters in the triangular membership function, represented here by letters , a b and c .
Combined with the classification results, the parameter values are set as follows:
where U is for the sample set of fuzzy language variables such as j O and , , According to the fuzzy set provided before and the general form of fuzzy rules, we obtain the following fuzzy rules According to the analysis of input and output variables, build triangle fuzzy sets, which are extraordinarily simple and easily used to calculate the membership value. There are three key parameters in the triangular membership function, represented here by letters a, b and c. Combined with the classification results, the parameter values are set as follows:
where U is for the sample set of fuzzy language variables such as O j and I i,j,k . λ is an adjustable parameter of the membership function. Here, it is set as 0.5. There are two steps in the process: firstly, obtain the value of a, b and c by clustering the results of the lingual variables. Then calculate the triangular membership function on the basis of the distribution and distance of the cluster center.
(3) Building the fuzzy rule base
According to the fuzzy set provided before and the general form of fuzzy rules, we obtain the following fuzzy rules I f x 1 is I 1,j,k 1,j and x 2 is I 2,j,k 2,j and x 3 is I 3,j,k 3,j , then y is O j . (15) where The SOC fuzzy set can be described in detail as F(SOC) = {L, M, H}. L, M, and H are less than 40%, 40%-75%, and greater than 75%, respectively.
The SOH fuzzy set can also be described as F(SOC) = {L, M, H}. L, M, H are less than 40%, 40%-75%, and greater than 75%, respectively, which is the same as the SOC.
The C-rate fuzzy set is F(SOC) = {L, M, H}. L, M, and H are less than 0.6C, 0.6C-1.2C, and 1.2C-2C, respectively. Take the first three elements of a four-dimensional vector as the three linguistic variables, and the forth one is used as the output lingual variable of SOF. The rules are: (H,M,H,H), (H,H,L,M), (H,H,M,H), (H,H,H,H) .
The Mamdani fuzzy rule is adopted here. The FCM algorithm is used to optimize the membership function and extract the fuzzy rule. Update the membership function according to the distribution of clustering centers.
The membership functions of the fuzzy subset of SOC are:
The membership functions of three fuzzy subsets of SOH are:
The membership functions of three fuzzy subsets of C-rate are:
triangle(x, 0.55, 1.22,
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Input variable membership functions and three-dimensional graphs of fuzzy relations are shown in Figure 5 :
Input variable membership functions and three-dimensional graphs of fuzzy relations are shown in Figure 5 : Figure 6 , where SOC is 0.741, SOH is 0.849, and C-rate is 1.31C. The estimated value of SOF is 0.641. 
SOF Measurement
On the basis of the definition of SOF, we measure the SOF of the battery. The measuring scheme can be described as: increase the battery discharge current gradually until the battery voltage drops to the critical value of supply voltage in the abnormal state, which is shown in Figure 7 .
The discharge is carried out with an adjustable load. The measurement steps mainly include: 
The discharge is carried out with an adjustable load. The measurement steps mainly include:
(1) Leave the battery for two hours to make sure that it stays in a stable state; (2) Adjust the instrument to ensure that correct readings of the current voltage and the current of the battery are obtained; (3) Set the discharge working mode as the cyclic test mode. The parameters of the starting current, termination current, termination voltage, step interval and time-step interval are set, respectively. Then, start the measurement. (4) Measure the maximum discharge current while the voltage drops to the termination voltage.
At this time, the product of the voltage and current is taken as the current SOF of the battery. 
(1) Leave the battery for two hours to make sure that it stays in a stable state; (2) Adjust the instrument to ensure that correct readings of the current voltage and the current of the battery are obtained; (3) Set the discharge working mode as the cyclic test mode. The parameters of the starting current, termination current, termination voltage, step interval and time-step interval are set, respectively. Then, start the measurement. The SOF measurement processes of four batteries with different SOC, SOH and maximum Crate are shown in Figure 7 . The SOFs of the four batteries in the test are 0.75, 0.675, 0.70 and 0.72, respectively. Choose randomly 24 state points in Figure 7a for SOF estimation, where SOC is estimated according to the SOC-OCV curve provided by the factory and estimation results are shown in Table 1 . The prediction error is shown in Figure 8 . The SOF measurement processes of four batteries with different SOC, SOH and maximum C-rate are shown in Figure 7 . The SOFs of the four batteries in the test are 0.75, 0.675, 0.70 and 0.72, respectively. Choose randomly 24 state points in Figure 7a for SOF estimation, where SOC is estimated according to the SOC-OCV curve provided by the factory and estimation results are shown in Table 1 . The prediction error is shown in Figure 8 . respectively. Choose randomly 24 state points in Figure 7a for SOF estimation, where SOC is estimated according to the SOC-OCV curve provided by the factory and estimation results are shown in Table 1 . The prediction error is shown in Figure 8 . Figure 8 . Estimation error.
The maximum error of the SOF fuzzy prediction optimized by FCM for power lithium ion battery is shown as merely 15.4%, and the average error is 8.69%. Even though the SOF varies widely, the estimation results with lower error can still be obtained by the proposed fuzzy prediction algorithm. In addition, it has much room for improvement in many aspects. The maximum error of the SOF fuzzy prediction optimized by FCM for power lithium ion battery is shown as merely 15.4%, and the average error is 8.69%. Even though the SOF varies widely, the estimation results with lower error can still be obtained by the proposed fuzzy prediction algorithm. In addition, it has much room for improvement in many aspects.
Conclusions
With the large-scale application of power lithium ion batteries, the study on the SOF (the state of function) of power lithium ion batteries has become increasingly significant. In this paper, we have given the definition and physical meaning of SOF. Three typical variables, SOC, SOH and C-rate, which are closely related to SOF, were obtained through experiments.
Combining this with the results from previous research and a large number of experimental results, the fuzzy logic inference system can be used as a strategy of battery SOF estimation. On this basis, the fuzzy C-mean clustering algorithm was introduced in detail and added to the framework of battery SOF prediction. We then carried out SOF estimation based on fuzzy prediction, which was optimized by the FCM algorithm using the three variables as inputs. The prediction algorithm was simulated and the results were compared with the experimental ones. The evaluation process was finally completed. The mean error of estimation is less than 9% and the prediction algorithm has the advantages of easy implementation, fast response and much room for improvement in the future. Funding: This research received no external funding.
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